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Hence, NaAlH 4 has been extensively studied as a template for developing hydrogen-storage solutions. [3] [4] [5] [6] An alternative method to improve the reversible hydrogen absorption or desorption kinetics is to search for possibility to stabilize the high-pressure phase of NaAlH 4 at ambient pressure by the appropriate treatments. [7] [8] [9] [10] [11] NaAlH 4 exists at atmospheric pressure in a tetragonal structure. It has been predicted to undergo a structural transition from the tetragonal I4 1 /a structure (a phase) to the orthorhombic Cmc2 1 structure (b phase) at the pressure of 6.4 GPa with a 4% volume contraction. 7 Talyzin and Sundqvist performed high pressure Raman experiments up to 17 GPa and found two possible phase transitions: one at $3 GPa, which is less obvious as a structural transformation and another at $14 GPa to an orthorhombic structure. 9 These results were also further confirmed by the experiments done at up to 27 GPa in Ref. 10 . Very interestingly, no phase transition at $3 GPa was found in the measurement of Ref. 10 , in which the proposed highpressure phase of NaAlH 4 is a monoclinic one (P2 1 /c symmetry, fourfold coordination of the Al atoms, and designated as P2 1 /c-4C-I) rather than the previously reported Cmc2 1 structure in Ref. 7 .
However, we find the P2 1 /c-4C-I phase is mechanically unstable and spontaneously transforms into another phase (named as P2 1 /c-4C-II which also has the P2 1 /c symmetry) with its lattice parameters of a ¼ 4.281 Å , b ¼ 4.466 Å , c ¼ 9.632 Å , and b ¼ 92. 9 . In the P2 1 /c-4C-II phase, the Na and Al atoms occupy the 4e (0.221, 0.265, 0.241) and 4e (0.752, 0.193, 0.487) sites, and four nonidentical H atoms occupy the 4e (0.653, 0.319, 0.332), 4e (0.598, 0.827, 0.44), 4e (0.128, 0.545, 0.407), and 4e (0.936, 0.547, 0.103) sites. The P2 1 /c-4C-II phase is energetically quite unfavorable within the whole pressure range. Thus, it should be excluded from the present discussion.
Structure searches for candidate high-pressure phases were performed by the ab initio evolutionary algorithm USPEX. 12, 13 This method has been used for many materials, including metal hydrides.
14 All of the structures are optimized by the Vienna ab initio simulation package (VASP) code. 15 We employ the generalized gradient approximation (GGA) with the Perdew-Wang (PW91) exchange-correlation functional and the projector-augment wave (PAW) method. A cutoff energy of 600 eV and a Monkhorst-Pack Brillouin zone sampling grid with the resolution of 2p Â 0.07 Å À1 were used. We performed structure prediction for NaAlH 4 at 0, 5, 10, 15, and 20 GPa with 6 and 12 atoms per unit cell. Phonon dispersion curves are calculated by the Quantum Espresso package. 16 These calculations used the GGA-PW91 exchangecorrelation functional, Vanderbilt ultrasoft potentials with a cutoff energy of 60 Ry for the wave functions, a 3 Â 3 Â 3 and 3 Â 2 Â 3 q-point meshes for the predicted P2 1 /c and Ima2 phases, respectively. The powder x-ray diffraction (XRD) patterns are simulated using the REFLEX software. . Our calculated lattice constants of the I4 1 /a and Cmc2 1 phases are in good agreement with the experimental and theoretical values. 3, 7 Although the theoretically predicted Cmc2 1 structure had been designated as the b phase, 7 the recent experiment has proposed that the b phase has the P2 1 /c symmetry. However, we find that the reported P2 1 /c-4 C-I structure is mechanically unstable. 10 We predicted two thermodynamically stable alternative candidates that can resolve this problem. One structure is designated as P2 1 /c-6C phase because it has P2 1 /c symmetry with Table I ).
As shown in Fig. 2 , within the lower pressure range between 0 and 3.8 GPa, the most stable structure is the experimental one with the I4 1 /a symmetry. The I4 1 /a structure is then predicted by theory to transform into the P2 1 /c-6C structure at 3.8 GPa, a transition accompanied by a change from the AlH 4 -tetrahedral anion groups into the AlH 6 octahedral groups, as shown in Figs. 1(e) and 1(g) . The P2 1 /c-6C phase is found to possess the lowest enthalpy over a wide pressure range from 3.8 to 20.5 GPa. In our earlier work, we found that the atomic charge distribution may serve as a criterion of stability at zero pressure. 17 This is similar to the recently demonstrated correlation between the energy and geometric diversity of crystal structures (simpler structures are statistically more stable). 18 Here, we have computed Bader charges, 19 which turned out to be similar in the P2 1 /c-6C, Cmc2 1 and Ima2 structures, þ0.76e, þ0.75e and þ0.75e
for Na, þ2.26e, þ2.26e and þ2.25e for Al, and À0.79e (À0.72e), À0.79e (À0.71e) and À0.77e (À0.71e) for highest (lowest) charged H atoms, respectively. More homogeneous Bader charges in the P2 1 /c-6C phase correlate with its higher stability at zero pressure. Stability of the Ima2 phase at high pressure is then explained by its higher density and lower pressure-volume term in the Gibbs free energy. As the pressure increases, the P2 1 /c-6C phase undergoes a phase transition to the Ima2 structure, where the decahedral anions appear, as shown in Fig. 1(h) . The transition pressure we predicted from I4 1 /a to P2 1 /c-6C is 3.8 GPa, which is much less than the experimental value of 14 GPa, even 6.4 GPa for the Cmc2 1 structure. 7, 8, 10 The discrepancy in transition pressure between the theory and the experiment may be explained by the hysteresis in room-temperature compression and may also depend on the sample. 7,9,10 Most strikingly, we find the transition pressure from I4 1 /a to Ima2 is 11.5 GPa, which is close to the measured value ($14 GPa). 8, 10 Moreover, the volume contraction of Ima2 at 15 GPa is 11% compared with 5% for P2 1 /c-6C, which is in good agreement with the experimental value of 12%. 10 Therefore, the coexistence of P2 1 /c-6C and Ima2 phases can explain better the experimental findings. TABLE I. Calculated lattice constants and unit cell volumes V per formula unit at two different pressures (P ¼ 0 and 15 GPa), compared with other available data for the NaAlH 4 polymorphs. To verify this idea, in Fig. 3(a) , we show the simulated XRD pattern of the I4 1 /a phase at ambient pressure, which is identical to the experimental result. 8 We also list the simulated XRD patterns of some related structures and the experimental data at 13.3 GPa. 8 For the P2 1 /c-4C-I structure, as shown in Fig. 3(b) , although the minor peaks at 2h $ 14 match very well with the observed data, the strongest peak located around 11.5 is away from the experimental value. In addition, there are other major peaks at 7.8 and 5.7 which are absent in the experimental data. For comparison, the strongest peaks of the P2 1 /c-6C and Ima2 phases are closer to the experiment than that of the P2 1 /c-4C-I phase. The common main peaks around 13 and 14 strongly overlap with those of P2 1 /c-6C and Ima2, which results in the spectral broadening in this region. The other peaks are relatively weak (2h > 14 ). Therefore, the simulated XRD pattern confirms that there may be coexistence of P2 1 /c-6C and Ima2 phases in experiment. 8 We also note the discrepancy between the simulated and experimental spectrum around 9.5 . There are many possibilities: (1) other possible candidates for NaAlH 4 and (2) coexistence of many phases, such as intermediate high-pressure phase of Na 3 AlH 6 or NaH. However, it is difficult to know the exact intermediate high-pressure phases or other corresponding crystal structures at present. The dynamical stability of the P2 1 /c-6C and Ima2 phases has been examined through the phonon calculations. The phonon dispersions of P2 1 /c-6C NaAlH 4 were calculated from 5 to 20 GPa. The results indicate that the P2 1 /c-6C phase is dynamically stable at least in this pressure range as it has no imaginary phonon frequencies, as phonon dispersion at 10 GPa is shown in Fig. 4(a) . However, the P2 1 /c-6C phase is unstable at 5 GPa due to the presence of imaginary frequencies, which is compatible with the measured Raman data ($4.6 GPa) during the decompression. 10 As shown in Fig.  4(b) , the Ima2 phase is dynamically stable at 25 GPa. Additional phonon calculations performed from 15 to 20 GPa reveal that the Ima2 phase can be stable at 20 GPa but has soft modes at 15 GPa, which indicates that the Ima2 phase is preserved only when the pressure exceeds 15 GPa, then reverts to the P2 1 /c-6C or I4 1 /a structures, which is also in agreement with the experimental findings. 8, 10 In conclusion, we suggest that the coexistence of the P2 1 /c-6C and Ima2 phases can explain better the experimental findings. 8, 10 Charge disparity among H atoms correlates with structural stability. The Ima2 structure, in spite of being distorted and having Al atoms in the unusual sevenfold coordination, is much denser than other phases and becomes stable under pressure. This work provides the basis for the future investigations of possible explaining for the highpressure phases in NaAlH 4 . 
